The stability of circular Couette flow in discontinuous axisymmetric geometries is investigated using numerical simulations and physical experiments. By contouring the geometry of the inner cylinder, Taylor vortices can be made to appear in discrete sections along the length of the cylinder while adjoining sections remain stable. The disparate flows are connected by transition regions that arise from the stability of the axially nonuniform base flow state. The geometry of the inner cylinder can be tailored to produce the simultaneous onset of Taylor vortices of different wavelength in neighboring sections. In another variant, a stack of inner cylinders of common radius are made to rotate independently to produce adjacent regions of stable and unstable flow.
I. INTRODUCTION
Since the seminal paper of Taylor 1 a large number of experimental and theoretical works have appeared to investigate the onset of steady and propagating vortices in geometries different than the classical one of concentric rotating cylinders. Traveling toroidal or helical vortices arise in the flow between fixed-gap conical cylinders studied by Wimmer 2 and in the cone-and-cylinder geometry investigated by Denne and Wimmer. 3 More sophisticated temporal behavior was reported by Paap and Riecke 4 for the unstable flow between a uniform inner cylinder when the outer cylinder is ramped up to a fixed diameter and in the hourglass geometry studied by Wiener et al. 5 Of interest in the current investigation are spatially forced stationary vortices that arise from some modification of the Couette cell. Rotz and Suh 6 showed how V-cuts on the inner cylinder could be used to pin stationary vortices. Wimmer 7 and others studied the variety of steady flows that are observed between concentric spheres. Ikeda and Maxworthy 8 and Drozdov et al. 9 observed how steady vortex pairs are modified by an inner cylinder with sinusoidally varying radius. Steady and unsteady vortex flows in other modified Couette cell geometries may be found in the literature guide to Taylor-Couette problems by Tagg. 10 Another variant to produce localized steady vortices would be to use two or more immiscible fluids with different densities and viscosities such that one fluid undergoes centrifugal instability before the others as the inner cylinder of fixed radius is ramped up in speed. Indeed, the TaylorCouette flow of two immiscible liquids is the subject of Sec. II.5 of the book by Joseph and Renardy 11 on two-fluid dynamics. With the axis of the Couette cell oriented horizontal normal to gravity, these supercritical two-fluid flows often appear as a periodic set of counter-rotating vortices of one fluid interspersed between a periodic array of stable flow of the other.
One aspect of our study is uniquely different from the above studies. By proper modification of the inner cylinder, we show how vortices of different wavelength may be made to appear simultaneously in neighboring regions of a test cell. A constant density fluid is considered and, for discussion purposes, the central axis of the system is aligned horizontally; of course, the orientation of the axis is irrelevant if the fluid completely fills the closed annular cell. Two basic cylinder geometries are examined. In the first geometry the inner cylinder is indented in its central section to a radius different from the adjoining sections to the right and left. In the second geometry the inner cylinder is a composite of three cylinders of identical radii, but each can be rotated independently. In both situations vortices can be made to appear in isolated sections of the cell. It is with the first cylinder type that, by judicious choice of inner cylinder radii across a discontinuity, vortices of different wavelengths can be made to simultaneously appear in neighboring sections of the cell.
The presentation is as follows: In Sec. II we introduce notation to describe the two geometries of interest, and show how one can predict the simultaneous onset of instability of Taylor vortices of different wavelength. The numerical method for solving the nonlinear system is described in Sec. III, with numerical results presented in Sec. IV. An experiment involving a discontinuity of inner cylinder radius is discussed in Sec. V and a discussion of results with concluding remarks are given in Sec. VI.
is composed of a central section of length 2hЈ and radius r 1 Ј bounded symmetrically on both sides by adjoining sections of length h and radius r 1 . The type B inner cylinder shown in Fig. 1͑b͒ , on the other hand, has fixed radius r 1 throughout its length, but is composed of three sections free to rotate independently about the central axis. For the purposes of this study, the central section of length 2hЈ ͑rotor 1͒ in the type B geometry rotates at angular speed ⍀Ј, while the symmetrically disposed adjoining sections ͑rotors 2͒, each of length h, rotate at angular speed ⍀. For both geometries, the right and left boundaries are free to rotate independently.
Consider first the type A configuration. Defining the section gap widths as d = r 2 − r 1 and dЈ = r 2 − r 1 Ј, the aspect ratios of the central and adjoining sections are dЈ / 2hЈ and d / h, respectively. For large section aspect ratios, one must expect that the local base-state flows far from the geometric discontinuities, and far from the right and left endcaps, are those of an infinite cylinder system. Therefore, stability in those regions will be determined by classical ͑infinite aspect ratio͒ results reported in the literature for selected values of the cylinder radius ratios = r 1 / r 2 and Ј= r 1 Ј/ r 2 . It will soon become clear that a fine variation of the critical Reynolds number R c as a function of radius ratio will be necessary.
To that end we are grateful to Randall Tagg 12 for providing computations of critical Reynolds numbers and corresponding wavenumbers k c ͑nondimensionalized using d͒ for the onset of Taylor vortices in infinite-aspect-ratio Couette cells as a uniform distribution of 981 points over the range 0.01 ഛ ഛ 0.99. These critical values R c , obtained using the eigenvalue code described in Tagg and Weidman, 13 are compared with the results of Sparrow et al., 14 Roberts, 15 and DiPrima et al. 16 in Fig. 2 and the corresponding wavenumbers k c are displayed in Fig. 3 .
For the type A configuration, one can select innercylinder radii so that upon increasing the rotation rate ⍀ of the inner cylinder, the central section becomes unstable before the adjoining sections and vice versa. Moreover, there is a continuum of conditions for which the flow in neighboring large-aspect-ratio sections simultaneously undergo instability, albeit at different wavenumbers. Written as a function of radius ratio, the Reynolds number is
where is the kinematic viscosity. For a given fluidgeometry system ͑, , r 2 ͒, the critical Reynolds number R c is the value of R with ⍀ = ⍀ c that marks the transition from stable Couette flow to Taylor vortices in an axially unbounded cell. Simultaneous onset of vortices for different values of will occur when ⍀ c r 2 2 / is constant. Thus, for fixed , the condition for simultaneous onset of vortices is that Ј= , where satisfies the relation R c ͑͒ = R c ͑ ͒, and
The variation of R c ͑͒ with is plotted in Fig. 4 . Thus and are conjugate values of the radius ratio for which counter-rotating toroidal vortices simultaneously appear in each section as the inner cylinder rotation rate increases. As The situation for the type B cylinder is more transparent. Although the azimuthal shear layer generated by the discontinuities in angular velocity of the inner cylinder sections from ⍀ to ⍀Ј must be determined from numerical simulation, it is clear that, for large section aspect ratios, onset of Taylor instability in each section will be determined by the values of R c away from the discontinuities. When the central section rotates with the adjoining sections stationary, toroidal cells will appear along the central section with melding transitions to the neighboring quiescent states, or vice versa if the central section is stationary and the adjoining sections rotate. A degenerate form of simultaneous onset of instability must occur when the central and adjoining sections counterrotate at the same critical angular speed, i.e., when ⍀ c Ј=−⍀ c . Again, azimuthal shear layers are necessary to smooth out the large discontinuities produced by oppositely rotating sections and join together supercritical toroidal cells.
III. NUMERICAL METHOD
We consider axisymmetric incompressible flow between a fixed outer cylinder and a geometrically discontinuous inner coaxial cylinder as described in the previous section. No-slip boundary conditions are imposed on all rigid surfaces. Unless otherwise specified, the left and right endcaps are attached to the stator; see Fig. 1 . The dimensionless axial positions of the geometric discontinuities are ͉z͉ = hЈ and the endcaps are located at ͉z͉ = ͑hЈ + h͒.
The governing equations are solved with a spectral finite-element ͑FE͒ program that is a time-dependent threedimensional Navier-Stokes solver specialized for axisymmetric flow. The program is described in detail elsewhere. 17 Spectral finite elements combine the accuracy of global spectral methods with the geometric flexibility of low-order finite elements, and are thus very well suited to the present problem. For all simulations, the half symmetry of the system is exploited. For the type A cylinder, the axisymmetric spectral FE meshes had 60 and 50 elements evenly spaced in the axial direction of the central and adjoining sections, respectively. Meshes had six and four elements nonuniformly spaced in the radial direction of the central and adjoining sections, respectively, to ensure that some element boundaries were at the midlines of the inner and outer sections. For the type B cylinder, the mesh was evenly spaced with 4 and 96 elements in the radial and axial directions, respectively. For all simulations, elements were quadrilaterals with tenthorder basis functions in the radial and axial directions.
Numerical simulations were initialized with appropriate infinite-aspect-ratio base Couette flow with added noise. As such, the initial flow field possessed sharp gradients at ͉z͉ = hЈ and ͉z͉ = ͑hЈ + h͒ to accommodate the geometric and endcap discontinuities. Time integration was performed until solutions reached steady state. For all numerical results presented, it was verified that solutions were unaffected by further refinement in space and/or time.
The spectral FE program was validated with the numerical results of Czarny et al., 18 who employed a global spectral solver to examine Taylor-Couette flow in a finite cell with = 0.75 and aspect ratio of 6. It was also verified that the spectral FE model produces results in agreement with critical stability results of Tagg 12 for axially unbounded Couette cells. For this validation, the spectral FE models employed left-right periodic boundary conditions, and had a section length equal to a critical wavelength for a pair of ͑un-bounded͒ counter-rotating Taylor vortices. Numerical solutions at steady state had zero radial flow for R = 0.99R c , but toroidal vortices were found for R = 1.01R c . These features were found for eight values distributed in 0.01ഛ ഛ 0.99.
IV. PRESENTATION OF NUMERICAL RESULTS
In this section we examine the stability of Couette flow in the two configurations shown in Fig. 1 . Due to the finite nature of the system, localized meridional vortices are expected for all R Ͻ R c . For example, in a continuous-geometry cylinder ͑e.g., cylinder type A with r 1 Ј= r 1 ͒, vortices are induced by the Bödewadt layers at stationary endcaps. We therefore begin our study of each geometry by examining the flow field at R = 0.99R c to understand clearly the effect of geometric discontinuities and endcaps on the threedimensional base flow. We are then able to discern the presence of Taylor vortices for R Ͼ R c . In the following we examine only results in the right half of the systems due to symmetry about z = 0. Hence, in the sequel, we need only refer to a single discontinuity, endcap, and adjoining section. For case 1, the central-section geometry is chosen for simultaneous onset of Taylor vortices of different wavelength in the two contiguous sections, i.e., Ј= . As discussed above, the conjugate value of = 0.6000 is = 0.3675. For case 2, we choose Ј= 0.3840 which is 5% greater than that in case 1, and hence, as the angular velocity is increased from zero, Taylor vortices will appear in the central section first. Alternatively, for case 3, we choose Ј= 0.3474 which is 5% less than that for case 1, and hence Taylor vortices will appear in the adjoining section first. Critical values R c , R c , and k c for these three geometries are listed in Table I ; Fig. 4 also exhibits R c for each case, and the central-section half length is equal to 6 critical wavelengths of Taylor vortices for Ј, i.e., hЈ
We begin by examining the case 1 subcritical flow at R͑͒ = 0.99R c ͑͒ for which R͑Ј͒ = 0.99R c ͑Ј͒. Figure 5͑a͒ shows the variation of radial velocity in the right half of the test cell along r = ͑r 1 Ј+ r 2 ͒ / 2. Also shown by dashed lines are the radial velocity distributions at R = 1.01R c for infiniteaspect-ratio cells with Ј= 0.3657 and = 0.6000 which have been axially truncated and positioned to align with finite-cell results in the appropriate regions. The infinite-aspect-ratio radial velocity variations were also produced with the spectral FE program as discussed in Sec. III. Of course, the corresponding subcritical radial velocities for infinite-aspectratio cells are zero. Thus, the subcritical radial flow in the discontinuous-geometry cell is due solely to the Ekman layer on the rotor surface perpendicular to the axis of rotation at z = hЈ and the Bödewadt layer on the stationary endcap at z = ͑hЈ + h͒. It is interesting to see that the wavelengths of the subcritical flow in the two regions closely match those of the classical supercritical flow in the respective regions. Figure 5͑b͒ shows the variation of radial velocity in the right half of the test cell along r = ͑r 1 Ј+ r 2 ͒ / 2 at R͑͒ = 1.01R c ͑͒ for which R͑Ј͒ = 1.01R c ͑Ј͒. Also shown are the corresponding radial velocities for infinite-aspect-ratio cells as presented in Fig. 5͑a͒ . Clearly, as one moves away from the endcap or radial discontinuity, the radial velocity quickly approaches that of Taylor vortices, in both amplitude and frequency, for an infinite-aspect-ratio cell. Taylor vortices of different wavelength thus appear simultaneously in neighboring sections of the cylinder. Figure 6 shows meridional streamlines in the vicinity of the discontinuity, which illustrates how the vortical flow accommodates the discontinuity. We see that a single vortex spans the discontinuity and rotates counterclockwise, consistent with the outward flow in the Ekman layer at the discontinuity. Figure 7͑a͒ shows the radial velocity distribution for case 2 along the gap midline of the central section, at R͑͒ = 0.98R c ͑͒ for which R͑Ј͒ = 1.01R c ͑Ј͒. This is compared with the radial velocity profile computed for an infiniteaspect-ratio cell at R = 1.01R c with = 0.3657, truncated and positioned to align with the radial velocity found in the cen- 
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Phys. Fluids 20, 014102 ͑2008͒ tral section. As one moves to the left of the discontinuity, the radial velocity rapidly approaches that for a stacked array of classical Taylor vortices while to the right the radial velocity attenuates to very low amplitude; halfway to the endcap the signal merges with the attenuated signature of the Bödewadt vortex formed at the endcap. Alternatively, Fig. 7͑b͒ shows the radial velocity distribution for case 3 along the gap midline of the adjoining section, with R͑͒ = 1.01R c ͑͒ for which R͑Ј͒ = 0.98R c ͑Ј͒. Also shown in the adjoining section is the corresponding radial velocity profile computed for an infinite-aspect-ratio cell at R = 1.01R c with = 0.6000, which again was axially truncated and positioned to match the radial velocity found in that section. We see that the radial velocity profile closely matches that of classical Taylor vortices away from the discontinuity and endcap. Vortices in the central section attenuate away from the discontinuity toward z = 0 to the point of becoming invisible in the central portion of the cell.
B. Cylinder type B
For all simulations with cylinder type B, we take = 0.6000 and examine three cases where angular velocities ⍀ and ⍀Ј are varied to control the formation of Taylor vortices in different sections of the cell. For case 1, we examine the situation where adjacent sections of the inner cylinder rotate with equal and opposite speed. Figure 8͑a͒ shows the radial velocity variation along the right half of the test cell at the gap midline for R = −0.99R c in the central section and R = 0.99R c in the adjoining section. In this subcritical regime, radial flow is generated by the Bödewadt layer at the endcap and there is a strong azimuthal shear layer to smooth out the discontinuity in swirl velocity at z = hЈ, r = r 1 . Figure 8͑b͒ displays the radial velocity distribution in the right half of the test cell along the gap midline when R = −1.01R c and R = 1.01R c in the central and adjoining sections, respectively. Also shown is the gap-midline radial velocity profile for a section of infinite-aspect-ratio cell with = 0.6000, which has been axially shifted to match the finite-cell results. These results match well the radialvelocity profile of the finite cylinder away from the geometric and endcap discontinuities. Figure 9 shows the vortices in the vicinity of the discontinuity, illustrating how the meridional flow accommodates the discontinuity in angular velocity of the inner cylinder.
For case 2, R = −1.01R c and R = 0 for the central and adjoining sections, respectively. Alternatively, for case 3, R = 0 and R = 1.01R c in the central and adjoining sections, respectively. Radial velocity distributions along the gap midline for cases 2 and 3 are shown in Fig. 10 . It is clear that the vortical flow is largely contained in the section with a rotat- ing inner cylinder and that disturbances damp out very rapidly in the adjoining section with a stationary inner cylinder. As with case 1, the flow at the discontinuity for cases 2 and 3 is radially inward.
C. Endcap and aspect ratio effects
In this section we investigate how endcap conditions and section aspect ratio affect the flow at a discontinuity. For the type A geometry, we repeat the case 1 simulation but with the endcap rotating with the inner cylinder, which reverses the sense of rotation of the endcap vortex since now the boundary layer is of the Ekman-type. Figure 11͑a͒ compares the fixed-endcap radial velocity distribution of Fig. 5͑b͒ with the corresponding distribution produced with endcaps rotating with the inner cylinder. There is a significant difference between profiles near the endcaps; notably the strength of the Ekman vortex ͑dashed line͒ is much stronger than that of the Bödewadt vortex ͑solid line͒. However, we see that the radial velocity profile in the vicinity of the discontinuity is independent of the endcap boundary conditions. In order to examine the effect of section aspect ratio, we repeat the case 1 simulation but with the central section half-length equal to 6.25 critical wavelengths ͓i.e., hЈ / d = 6.25͑1−Ј / 1−͒2 / k c ͑Ј͔͒ and the adjoining section unchanged. Figure 11͑b͒ compares the finite-cell radial velocity distribution of Fig. 5͑b͒ with the corresponding distribution produced with longer inner section. While a significant difference between the velocity profiles near the center of the cell is apparent, the flow at the discontinuity is unaffected by the change in aspect ratio of the central section.
We now examine the effect of endcap conditions on the flow near the discontinuity in the type B geometry. Figure 12 compares the fixed-endcap results of Fig. 8͑b͒ with corresponding results produced for endcaps rotating with the inner cylinder. As with the type A cylinder, we see a dramatic difference near the endcap, but the flow at the discontinuity is unaffected. Further, we found in all simulations that the radial flow at the discontinuity was inward, and we conjecture that flow will always be inward at the interface of two inner cylinders rotating at different angular velocities. Ј+ r 2 ͒ / 2 with R = 1.01R c in both sections. In ͑a͒ the solid and dashed curves correspond to stationary ͓cf. Fig. 5͑b͔͒ and rotating endcaps, respectively; the vertical broken lines locate the geometric discontinuity on the inner cylinder. In ͑b͒ the solid and dashed curves correspond to hЈ of 6 ͓cf. Fig. 5͑b͔͒ and 6 .25 critical wavelengths, respectively. Fig. 8͒ and dashed curves correspond to stationary and rotating endcaps, respectively. The vertical broken line locates the cylinder discontinuity.
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V. AN EXPERIMENT
We compare results from the spectral FE program with those of a laboratory experiment for a Taylor-Couette cell with a jump in inner cylinder radius. An existing demonstration apparatus made available to us from the Department of Atmospheric and Oceanic Science at the University of Colorado was modified for this purpose. Figure 13 shows the vertically oriented system equipped with a stepper motor to drive the inner cylinder via an O-ring pulley system up to a maximum rotation rate ⍀ max = 12.25 rad/ s. The depth of the cell was 21.046 cm and its fixed outer radius was 3.1566 cm. The new inner cylinder was machined to give nominal conjugate radius ratios = 0.6000 and = 0.3657; the final machining of the inner cylinder yielded = 0.599 and = 0.3655. The discontinuity was located 9.957 cm from the bottom corresponding to 3.9 c for the ͑lower͒ narrow-gap section, leaving 11.090 cm from the top which is approximately 2.8 c Ј for the ͑upper͒ wide-gap section, where c and c Ј are the infinite-aspect-ratio critical wavelengths. The corresponding aspect ratios are 7.856 and 5.526 for the lower and upper sections, respectively. Hidden from view in Fig.  13 is a centered pin at the bottom of the inner cylinder which rotates with less that 0.001 cm radial clearance inside a concentric hole machined in the horizontal Plexiglas base plate. A nominal 0.013 cm vertical clearance was provided at the top and bottom of the rotating inner cylinder. A mixture of glycerine and water was selected so that simultaneous onset of vortices would occur near 70% ⍀ max . The kinematic viscosity of the mixture seeded with 0.5% Kalliroscope by volume was measured using both CannonFenske and Brookfield viscometers. Those measurements, both taken at 22.2Ϯ 0.1°C, differed by nearly 10% giving an average viscosity = 0.294 cm 2 / s. The difference between these measurements might be due to an effect of the microscopic crystalline platelets ͑suspended in the Kalliroscope solvent͒ on the measurement systems which are designed primarily for clear fluids.
Photographs of the flow were taken starting at R = 0.61R c for both sections, where only the transition vortex at the discontinuity and extremely faint signatures of the endcap vortices driven by the Bödewadt layers were visible. The Reynolds number was increased to R = 0.75R c , at which point inflow boundaries began to appear adjacent to the endcap vortices signifying the development of neighboring counterrotating vortices. The longest wait time for 95% evolution of the vortices in the system, dictated by the largest aspect ratio and smallest radius ratio, was estimated from the computations of Czarny and Lueptow 19 to be about 45 s, so we waited a full three minutes between photographs to ensure that each new state had fully evolved. With further increase in rotation rate, additional inflow boundaries appeared until faint vortices could be discerned over the full length of the cylinder. The first supercritical photograph was taken at R = 1.03R c . A computation with the spectral FE program of the meridional disturbance streamline pattern for this Reynolds number is compared with the photograph in Fig. 14 .
Only the left-half of the cylinder is visible, so the streamlines shown are for the left slice through a meridional section of the flow.
As pointed out by Koschmieder, 20 the inflow boundaries are most readily seen when using aluminum flakes or Kalliroscope for flow visualization. These appear as sharp dark horizontal lines in the photograph as the platelets align with the shear. In our high resolution view of the photograph shown in Fig. 14͑a͒ , all inflow boundaries are clearly visible and all outflow boundaries can be seen to a lesser degree of sharpness. To aid in the comparison with the numerical computation, we have placed arrows at the inflow and outflow boundaries observed in the experimental photograph; leftfacing arrows mark outflow boundaries and right-facing arrows mark inflow boundaries. The comparison of these lines with the juncture between counter-rotating vortices in the photograph is excellent. Notice that there are four cells above the transition vortex and seven cells below. This is consistent with what must be the general case dictated by the sense of rotation of the Ekman transition vortex and the Bödewadt endcap vortices along with the fact that all neighboring vortices must counter-rotate; for stationary endcaps there must be an even number of cells above the transition vortex and an odd number below.
VI. DISCUSSION AND CONCLUSION
We have determined how Taylor vortices may be made to appear in isolated sections of a long aspect ratio Couette cell by making appropriate step changes in the radius of the inner cylinder, holding the outer cylinder radius fixed. The interesting special case of simultaneous onset of Taylor vortices of different wavelength is obtained by designing the step to separate two sections of the Couette cell having conjugate radius ratios and determined by R c ͑͒ = R c ͑ ͒ with R c ͑͒ defined by Eq. ͑2͒. We showed that the onset of vortices may also be tailored by constructing a multisection inner cylinder of common radius whereby the separate sections rotate independently. In this variant, vortices can be made to appear in rotating sections and not in neighboring sections that rotate more slowly or remain stationary. The obvious degenerate case here is to rotate neighboring inner cylinder sections at equal but opposite rotation rates to affect the simultaneous onset of Taylor vortices joined by an intense shear layer necessary to smooth out the velocity discontinuity at the inner cylinder. Numerical simulations devised to confirm the above results show additional details not anticipated. First, the type A configuration gives rise to a deformed vortex pinned at the geometric discontinuity whose sense of rotation is compatible with the flow in the Ekman layer on the cut surface. The existence of the deformed vortex, clearly visible in our experiment, is robust to changes in endcap rotation and changes in cylinder section aspect ratio. Recall that the experiment discussed in Sec. V has the same conjugate radius ratios = 0.600 and Ј= 0.366 as in the corresponding numerical study for this type A configuration, but with markedly shorter section aspect ratios. Nevertheless, the numerical simulation of the experiment performed in Sec. V gives a centerline radial velocity distribution that matches very closely the results given in Fig. 11͑b͒ in the vicinity of the distorted vortex. The total length ⌬Z of this vortex is composed of parts ⌬Z L to the left ͑Ј region͒ and ⌬Z R to the right ͑ region͒ of the discontinuity. The numerical simulation shows ⌬Z / d = 2.22 in agreement with the experimental photograph shown in Fig. 14͑a͒ . Moreover, ͑⌬Z͒ L / For the type A configuration, we have shown that 5% changes in Ј above and below that for simultaneous onset
give, at slightly supercritical Reynolds number, vortices only in the central section or the adjoining sections, with moderately damped vortices extending into neighboring subcritical regions. Of course, increasing the inner cylinder rotation rate further would make the subcritical regions undergo instability so that, eventually, vortices of different wavelength would appear in neighboring sections of the apparatus. Numerical experiments for the type B configuration, with supercritical rotation of one section of the inner cylinder and no rotation of neighboring sections, exhibit strong decay of vortices into the relatively quiescent regions. This problem is analogous to pretransitional Rayleigh-Bénard convection reported by Wesfreid et al. 21 In that study, a short horizontal section of supercritically heated fluid in a nearly twodimensional convection cell induced subcritical RayleighBénard rolls penetrating into the neighboring unheated region of large horizontal extent. Their experiments, and steady solutions derived from a linearized Landau-Hopf model, show that the roll penetration follows a damped sinusoid with penetration length dependent on flow supercriticality. If the analogy between these flows is valid as we suspect, then the vortex penetration length for the present results is indeed very short; although oscillations into the subcritical region are numerically detected, they are not discernible in the results plotted in Fig. 10 .
We conclude with the observation that other richer systems also provide opportunities for locally controlling the types of instability observed along the length of a highaspect-ratio Couette cell. One such system is radially heated circular Couette flow with radial gravity simulated using a ferrofluid with cylindrical magnets vertically stacked inside the inner cylinder. In addition to the aspect and radius ratios describing the geometry of the cell, onset to instability is controlled by the Prandtl number, the Grashof number, the Reynolds number, and ␥ = g m / g, where g m is the strength of simulated radial gravity at the inner cylinder and g is Earth's gravity. One should be able to tailor the first appearance of vortices by inserting nonmagnetic spacers over vertical sections of the cylinder. Since it was shown by Tagg and Weidman 13 that onset is very sensitive to the value of ␥, it should be relatively easy to have vortices of different modes ͑axisymmetric as well as spiral͒ appear, or not appear, along given sections of the apparatus. However, since the magnetic strength is a field property, it is likely that transitions between different types of vortices will not be as sharp as those found in the present investigation.
